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We  have  studied  a  new  composite  SOFC  cathode  consisting  of  LaCo0.4Ni0.6O3_5  (LCN60)  and  Ceo.gGdo.i  O1.95 
(CGO).  The  polarisation  resistance  (RP)  at  750  °C  and  OCV  was  measured  to  0.05  ±0.01  £2  cm2  and  the 
activation  energy  was  determined  to  be  about  1  eV.  The  impedance  spectra  were  modelled  with  an  EQC 
model  consisting  of  a  high  frequency  Zj?q  circuit  and  a  medium  frequency  Gerischer  impedance,  ZG. 
The  resistance  of  ZG  was  found  to  decrease  with  approximately  a  factor  of  two  as  a  consequence  of 
infiltration  of  (Lao.6Sro.4)o.99Co03  into  the  porous  LCN60-CGO  structure.  RP  of  both  infiltrated  and  non- 
infiltrated  LCN60-CGO  cathodes  is  substantially  lower  than  that  of  LSM-YSZ  and  comparable  with  single 
phase  LSC  cathodes  at  low  T  due  to  its  low  EA.  RP  was  also  found  to  be  stable  at  750  °C  and  OCV.  The 
cathodes  were  integrated  onto  ScYSZ  based  anode  supported  cells  which  were  measured  to  have  an  ASR 
of  0.16-0.18  £2  cm2  at  750  °C. 
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1.  Introduction 

LaCoi_xNix03_5  (LCN)  with  x  =  0.4  or  0.6  has  been  reported  to 
possess  high  electronic  conductivity  and  a  thermal  expansion  coef¬ 
ficient  ( TEC  is  ~14-17  x  10-6  K-1)  that  is  relatively  well  matched 
to  a  SOFCs.  Yet  it  has  still  received  surprisingly  little  attention  in 
the  context  of  SOFC  electrode  material  [1  ]. 

LaCo03  has  complex  electronic  and  magnetic  properties  due 
to  the  thermally  excited  transitions  from  low/intermediate  spin 
(t2g6/t2g5  eg1)  to  high  spin  (t2g4  eg2)  that  occur  on  the  Co3+  when 
positioned  in  the  octahedral  site  of  the  crystal  structure  [2].  This 
results  in  an  insulator  to  semi  conductor  transition  with  high  elec¬ 
tronic  conductivities  at  SOFC  operating  temperatures  but  also  a 
high  TEC  of  about  22  x  10-6  K-1  as  a  result  of  the  expansion  of  the 
Co  ion  radius  [3-6].  This  is  twice  that  of  the  other  SOFC  compo¬ 
nents  and  the  mismatch  poses  mechanical  problems  upon  thermal 
cycling.  In  LaNi03  no  such  transitions  have  been  reported  and  the 
TEC  is  only  about  10  x  10-6  K_1  [7].  Furthermore,  the  Ni3+  ion  in 
LaNi03  has  one  electron  found  in  the  delocalised  itinerant  conduc¬ 
tion  band  (t2g6  eg1 )  which  makes  this  crystal  a  n-type  metallic-like 
conductor  [8].  LaNi03  starts  to  decompose  above  850 °C  but  the 
crystal  is  stabilised  by  partial  substitution  of  Co  [7,9].  LaCoi_xNix03 
is  for  these  reasons  an  interesting  perovskite  material  for  SOFC 
cathode  applications. 
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La0.99Co0.6Nio.403_5  (LCN40)  has  previously  been  studied  at 
Riso-DTU  for  this  purpose.  In  this  study  the  electronic  conduc¬ 
tivity  of  LCN40  was  found  to  be  1200-1 500  S  cm-1  from  room 
temperature  to  1000°C  [9].  The  TEC  was  on  the  other  hand  mea¬ 
sured  to  17.3x10-6I<-1  which  is  rather  high  when  matched 
to  that  of  the  other  components.  More  importantly  the  elec¬ 
trochemical  performance  when  using  LCN40  as  a  porous  SOFC 
cathode  was  very  poor  with  a  high  polarisation  resistance  (RP) 
of  20  ±5  £2  cm2  at  750  °C  [9].  It  was  reported  in  the  aforemen¬ 
tioned  study  that  LCN40  requires  temperatures  above  1000°C 
to  desorbs  oxygen  and  create  the  oxygen  vacancies  (5)  required 
for  materials  with  considerable  oxide  ion  conductivity.  The  lack 
of  such  vacancies  was  further  suggested  as  a  potential  reason 
for  the  low  performance  of  porous  single  phase  LCN40  cath¬ 
odes. 

In  order  to  improve  the  properties  of  La0.99Coi_xNixO3_5  as  SOFC 
cathode  material  three  actions  were  taken.  (1)  x  was  increased 
to  0.6  in  order  to  decrease  the  TEC  and  increase  the  conductiv¬ 
ity.  (2)  The  acquired  powder  of  Lao.ggCoo^Nio.eO^  (LCN60)  was 
mixed  with  Ceo.9Gdo.1O1.95  (CGO)  into  a  composite  electrode.  (3) 
The  LCN:CGO  composite  electrode  was  infiltrated  with  a  mixed 
conducting  material  (LSC40).  The  principle  idea  behind  this  struc¬ 
ture  is  that  the  LCN  phase  will  provide  the  electronic  conductivity, 
the  CGO  phase  will  provide  the  ionic  conductivity  and  the  LSC  phase 
will  provide  the  catalytic  activity. 

We  will  here  report  electrochemical  data  measured  on  this  elec¬ 
trode  and  discuss  its  applicability  as  an  SOFC  cathode  on  basis  of:  ( 1 ) 
material  properties  including  electronic  conductivity  and  expan¬ 
sion  properties.  (2)  Electrode  polarisation  resistance  measured 
with  impedance  spectroscopy  on  a  symmetrical  cell  configuration. 
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(3)  Performance  of  anode  supported  cells  when  using  LCN60-CGO 
as  cathode. 

2.  Experiments 

Powder  of  Lao.ggCoo.4Nio.603_5  (LCN)  was  synthesized  using 
the  glycine-nitrate  combustion  route  [10].  Metal  nitrate  of 
(La(N03)3-6H20,  Sr(N03)2,  Co(N03)2-6H20  and  Ni(N03)2-6H20) 
were  diluted  in  deionised  water  and  mixed  with  glycine  to  give 
a  glycine-nitrate  molar  ratio  of  0.548.  The  solution  was  heated  to 
evaporate  water  and  initiate  the  reaction.  This  produced  a  fine  pow¬ 
der  which  was  finally  calcined  at  950  °C  for  2h.  About  300  mg  of 
powder  sample  was  heated  and  cooled  in  50  ml  min-1  airflow  to 
1300  °C  using  a  A  NETZSCH  STA  409C/CD  in  order  to  determine 
oxygen  non-stoichiometry  as  a  function  of  temperature.  The  pow¬ 
der  was  shaped  into  bars,  isostactically  pressed  30  s  at  325  MPa 
and  sintered  again  at  1250  °C.  XRD  (STOE  Theta-Theta  diffractome¬ 
ter,  40  kV,  30  mA,  Cu  Ka-radiation)  was  employed  to  confirm  the 
perovskite  phase  and  detect  any  possible  secondary  phases. 

Powder  of  Ce0.gGd0.iOi.g5  (CGO)  was  mixed  with  the  LCN60 
powder  and  dispersed  into  an  ink.  The  ink  was  screen  printed  onto 
both  sides  of  a  200  [xm  thick  and  50  mm  x  50  mm  large  CGO  elec¬ 
trolyte  and  sintered  at  1000°C  for  2  h.  The  cell  was  cut  into  small 
samples  of  approximately  5  mm  x  5  mm.  Four  of  these  cells  were 
subsequently  infiltrated  a  single  time  with  a  solution  consisting 
of  a  surfactant  and  metal  nitrates  with  a  cation  molar  ratio  cor¬ 
responding  to  (La0.6Sr0.4)o.ggCo03.  The  infiltration  methodology  is 
described  elsewhere  [11]. 

The  conductivity  was  measured  with  a  standard  4  point  probe 
DC-technique.  Pressed  and  sintered  bars  of  above  95%  theoretical 
density  were  painted  with  platinum  paste  and  wired  with  platinum 
threads  at  both  ends.  The  resistance  was  measured  with  a  Keithley 
2700  multimeter.  Voltage  probes  were  separated  6.8  mm  apart  and 
measurements  were  performed  at  temperatures  ranging  from  50 
to  950  °C  at  ambient  Pq2 . 

The  LCN60-CGO  ink  was  also  screen  printed  onto 
53  mm  x  53  mm  large  anode  supported  SOFCs  which  consisted  of 
a  Ni-YSZ  support,  Ni-ScYSZ  cermet  anode,  ScYSZ  electrolyte  and  a 
wet  deposited  CGO  barrier  [12].  The  cathode  was  sintered  in  the 
same  way  as  for  the  symmetrical  cells.  One  cell  was  subsequently 
infiltrated  twice  using  the  (La0.6Sr0.4)o.ggCo03  solution  with  an 
intermediate  heating  to  350  °C  in  order  to  combust  organics  and 
nitrates. 

Four  identical  symmetrical  cells  with  both  infiltrated  and 
non-infiltrated  cathodes  were  measured  with  electrochemical 
impedance  spectroscopy  (EIS)  using  a  Solartron-1260  frequency 
response  analyzer  and  the  test  setup  described  in  Fig.  1.  The  mea¬ 
surements  were  carried  out  at  open  circuit  voltage  (OCV),  under  an 
ambient  air  flow  of  6  lh- 1  and  from  550  to  850  °C  and  then  to  550  °C 


(see  Fig.  1 ).  Data  were  treated  with  a  linear  least  square  fit  program, 
ZsimpWin3.21.  An  algorithm  to  extract  the  distribution  of  relax¬ 
ation  times  (DRT)  of  the  measured  and  fitted  impedance  was  used 
in  order  to  support  the  choice  of  equivalent  circuit  model  (EQC) 
[13].  All  resistances  are  reported  with  a  95%  confidence  interval 
based  on  the  four  measured  samples. 

The  anode  supported  cells  were  tested  in  the  Riso-DTU  SOFC 
test  setup  described  elsewhere  [14].  Glass  frames  were  used  to 
assemble  the  anode  and  cathode  gas  flow  compartments.  The  cells 
were  contacted  with  corrugated  Ni-  and  Au-mesh  on  the  anode  and 
cathode  side  respectively.  The  cells  were  heated  to  850  °C  before 
0.5  kg-1  cm2  of  weight  was  applied  in  order  to  compress  the  seal¬ 
ing  and  ensure  electric  contact.  The  anode  was  then  reduced  with 
9%  H2  in  N2  for  2  h  followed  by  1  h  in  H2  containing  approximately 
4%  humidity.  The  cells  were  tested  from  850  to  650  °C  with  50  °C 
increments  using  i-v  polarisation  and  EIS  measurements  under  air 
and  02  on  the  cathode  side  and  under  4%  and  20%  humidity  on  the 
anode  side.  Flows  were  set  to  140  lh-1  of  air  and  24  lh-1  of  H2.  We 
have  also  conducted  systematic  shifts  in  the  oxygen  and  fuel  par¬ 
tial  pressure  in  order  to  study  the  impedance  response  of  the  two 
electrodes  in  more  detail. 

3.  Result  and  discussion 

Fig.  2  plots  the  XRD  pattern  of  the  LCN60  and  shows  a  sin¬ 
gle  phase  material  within  the  detection  limit  of  the  technique.  It 
shows  further  a  hexagonal  crystal  structure  with  lattice  parame¬ 
ters  flftex  =  5.46  A  and  and  chex  =  13.14  A.  This  is  in  close  agreement 
with  [1  ]  when  converting  from  rhombohedral  to  hexagonal  lattice 
parameters. 

Fig.  3  plots  the  oxygen  nonstoichiometry  factor,  8 ,  as  function  of 
temperature  for  LCN40  and  LCN60.  It  indicates  that  the  onset  tem¬ 
perature  of  oxygen  formation  is  above  950-1000  °C  and  that  these 
compositions  are  fully  stoichiometric  in  the  operating  temperature 
range  of  SOFCs. 

Fig.  4  plots  the  electric  conductivity  of  LCN40  and  LCN60  from 
room  temperature  to  ~1 000  °C.  It  shows  that  LCN60  exhibits  metal¬ 
lic  like  conductivity  whereas  LCN40  shows  a  typical  small  polaron 
conduction  behavior.  The  total  conductivity  of  both  compositions  is 
substantially  higher  than  that  of  the  conventional  cathode  material 
LSM  ((Lai_xSrx)sMn03  0.2<x<0.3;  0.9<s<l)  which  is  just  below 
200  S  cm-1  at  800  °C  [  1 5,1 6].  Huang  et  al.  have  measured  the  TEC  of 
LCN60  to  14.3  K_1  for  the  temperature  region  25-850  °C  [1].  TEC 
of  CGO  10  is  approximately  12.2  K-1  [17]  and  thus  the  effective 
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Fig.  1.  Temperature  profile  during  symmetrical  cell  test  experiments. 


Fig.  2.  Powder  XRD  of  LCN60  at  room  temperature  and  ambient  air. 
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Fig.  3.  Thermograviometric  data  showing  the  oxygen  nonstoichiometry  coefficient, 
8,  as  function  of  T  in  ambient  air. 


Fig.  4.  Electrical  conductivity  of  LCN40  and  LCN60  as  function  of  temperature  in 
ambient  air. 


expansion  of  an  LCN60-CGO10  composite  cathode  will  be  matched 
relatively  well  to  the  rest  of  the  cell. 

In  recent  years  LSCF  ((Lao.eSio^sCoo^Feo.sO^s)  has  been  pro¬ 
posed  as  a  candidate  material  for  SOCF  cathode  application.  This 
material  has  good  mixed  conducting  properties  due  to  its  oxygen 
substochiometry  at  SOFC  operating  temperatures  [18].  The  TEC  is 
on  other  hand  slightly  higher  than  that  of  LCN60  and  the  elec¬ 
tronic  conductivity  is  significantly  lower  as  shown  in  Table  1  [19]. 
(Lao.6Sr0.4)sCo03_5  (LSC40)  is  another  well  known  cathode  mate¬ 
rial  with  good  electrocatalytic  activity  towards  oxygen  reduction 
[20].  It  has  a  very  high  electronic  conductivity  but  also  a  compara- 


Table  1 

TEC  and  conductivity  of  widely  studied  SOFC  cathode  perovskite  materials. 


Composition 

TEC  [K-1  ] 

25-850 °C 

o  [Scrrr1] 

800  °C 

( Lao.75  Srxo.25  )s  Mn03 

12.2  [16] 

-200  [15,16] 

(Lao.6Sro.4)sCoo.2Feo.803_5 

15.4  [19] 

-300  [19] 

LaCoo.4Nio.603_5 

14.3  [1] 

-1400 

(La0.6Sr0.4)sCoO3_5 

-20  [9] 

-2000 [9] 

Fig.  5.  Four  Nyqvist  plots  of  impedance  spectra  recorded  at  550  °C  on  symmetrical 
cells  with  LCN/CGO  cathodes.  Numbers  represent  10log /.  Blue  lines  represent  the 
best  linear  least  square  fit  the  EQC  model  used.  (For  interpretation  of  the  references 
to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 


bly  high  apparent  TEC  due  to  both  the  electronic  spin  transition  and 
in  particular  to  the  thermal  reduction  of  Co4+  to  Co3+  [21  ].  Table  1 
demonstrates  that  LCN60  has  competitive  materials  properties  for 
use  in  SOFC  cathodes. 

Figs.  5  and  6  show  the  measured  impedance  at  550  °C  for  the  four 
symmetrical  cells  with  infiltrated  and  non-infiltrated  LCN60-CGO 
cathodes.  The  plots  verify  that  the  measured  impedance  responses 
of  the  four  individual  samples  are  similar  and  indicate  that  we 
have  reasonable  statistics  from  our  measurements.  The  impedance 
response  does  not  consist  of  only  one  single  semi-circle  ( RQ - 
element).  This  implies  that  the  overall  electrode  reaction  consists 
of  several  processes  that  occur  on  different  time  scales  and  con¬ 
tribute  significantly  to  the  total  electrode  polarisation  resistance. 
The  impedance  spectra  were  analysed  in  more  detail  by  employing 
the  method  of  equivalent  circuit  models  (EQC).  When  applying  such 
models  it  is  good  practice  to  use  as  few  circuits  as  possible  that  still 
give  an  accurate  fits  to  measured  data.  Moreover,  the  model  should 
have  a  physical  meaning  in  the  sense  that  individual  circuits  cor¬ 
respond  to  single  electrode  processes  and  that  the  entire  circuit 
model  corresponds  to  the  total  electrode  kinetics. 

The  RQ  circuit  is  often  used  to  describe  electrode  reaction  steps 
such  as  charge  transfer  across  an  interface  [22]  but  other  circuits 
exist  as  well.  Adler  has  shown  that  two  of  the  major  kinetic  pro¬ 
cesses  of  the  oxygen  electrode,  the  oxygen  exchange  and  oxide  ion 
diffusion  can  be  coupled  into  a  single  Gerischer  impedance  response 
[23  ].  The  general  Gerischer  impedance  is  expressed  in  Eq.  ( 1 )  where 
J<a  is  a  “rate  constant”  and  Y0  is  the  admittance. 

7  1  Rc  m 

Zc  = - ,  =  1 -  (l) 

Vo v  (Ka  +  to)  VI  +  icdRgCq 

Such  an  impedance  response  has  been  argued  to  arise  in  both 
mixed  electronic  and  ionic  conducting  electrodes  (MIEC)  such  as 
Lai_xSrxCo03  (LSC)  [24],  in  apparent  “three  phase  boundaries” 
electrodes  such  as  Pt/YSZ  [25-27]  as  well  as  in  LSM/YSZ  electrodes 
when  polarized  [28].  We  have  here  applied  a  model  with  an  induc¬ 
tor  (I)  and  a  resistor  (Rs)  in  series  with  [28,29]  either  two  RQc ircuits 
(L-fV(ftQMKQ))  or  one  RQ  and  one  Gerischer  circuit  (L-fts-(ftQ)-G). 
The  serial  resistance  ( Rs )  is  assumed  to  be  made  up  almost  exclu- 


Fig.  6.  Four  Nyqvist  plots  of  impedance  spectra  recorded  at  550  °C  on  symmetrical 
cells  with  LCN/CGO  cathodes  infiltrated  with  LSC40  particles.  Numbers  represent 
10log /.  Blue  lines  represent  the  best  linear  least  square  fit  the  EQC  model  used.  (For 
interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred 
to  the  web  version  of  the  article.) 
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Fig.  7.  Shows  the  distribution  of  relaxation  times  ( DRT)  for  the  measured  impedance 
as  well  as  the  DRT  of  the  impedance  reconstructed  from  modelling  the  measured 
impedance  using  two  equivalent  circuit  models. 

sively  of  the  ionic  resistance  of  the  CGO  electrolyte.  The  n  parameter 
of  the  high  frequency  RQ  circuit  was  fixed  at  0.5  for  all  fits. 

RQ^  (V^rq)  +  CRQ.(i<*>)n 

In  order  to  properly  fit  the  impedance  measured  on  the  LSC  infil¬ 
trated  cells  at  the  first  four  temperatures  of  the  experiment  we  also 
had  to  include  a  RC  circuit  to  account  for  the  small  semicircle  seen 
at  low  frequencies.  The  fact  that  it  had  a  high  capacitance  above  1 0  F 
could  indicate  that  this  is  related  to  oxygen  diffusion  [30].  It  disap¬ 
peared  when  the  cells  were  in  situ  heated  to  temperatures  above 
700  °C  and  did  not  show  up  again  after  the  experimental  thermal 
cycle  to  850  °C.  This  RC  circuit  will  therefore  not  be  discussed  fur¬ 
ther  in  this  paper.  The  lines  in  Figs.  5  and  6  show  the  best  linear  least 
square  fit  to  measured  data  at  550  °C  using  the  L-RS-{RQ)-G  model. 
Measured  data  at  higher  temperatures  were  found  to  fit  this  model 
even  better.  The  L-RS-(RQ)-G  circuit  turned  out  to  be  the  most  accu¬ 
rate  model  giving  the  smallest  error.  This  choice  of  model  was  also 
supported  by  DRT  analysis  as  argued  below. 

Fig.  7  shows  the  DRT  of  the  measured  impedance  as  well  as  the 
DRT  of  the  impedance  derived  from  the  parameters  of  the  two  EQC 
fits.  It  displays  that  the  main  DRT  peak  of  the  (L-RS-(RQ)-(RQ))  model 
is  shifted  towards  high  frequencies  relative  to  that  of  the  measured 
data.  The  DRT  of  the  ( L-RS-{RQ)-G )  model  on  other  hand  resem¬ 
bles  the  shape  of  the  measured  data  quite  well.  Fig.  8  visualizes 
how  the  individual  EQC  elements  of  the  L-Rs-{R(l)-G  model  make 
up  the  measured  impedance  spectra.  It  shows  that  ZRGi  is  found  at 
rather  high  frequencies,  which  makes  this  response  susceptible  to 
inductive  interference  inevitably  arising  from  the  test  setup.  The 


Fig.  8.  The  EQC  model  used  in  the  treatment  of  all  the  data.  Blue  dotted  lines  are 
extrapolated  data  to  visualize  the  inductive  effect.  (For  interpretation  of  the  refer¬ 
ences  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the 
article.) 


Fig.  9.  Arrhenius  plot  of  Rs,  Rrq  and  RG  of  the  infiltrated  and  non-infiltrated 
LCN60-CGO  cathodes.  Data  are  taken  from  the  cooling  ramp  of  the  EIS  measurement 
procedure.  It  shows  that  it  is  mainly  the  ZG  impedance  response  that  decreases  as  a 
consequence  of  the  LSC  infiltration.  The  activation  energies  appear  to  be  unaffected 
by  the  infiltration. 

inductance  could  be  determined  quite  precisely  at  high  tempera¬ 
ture  to  about  6.5  x  10-8  F  and  was  found  to  be  almost  independent 
on  temperature.  Values  of  the  ZRq  response  reported  here  are  cor¬ 
rected  for  this  inductance. 

Fig.  9  plots  the  Rs ,  Rrq  and  RG  of  the  cells  with  infiltrated  and  non- 
infiltrated  LCN60-CGO  cathodes  measured  during  the  incremental 
cooling  ramp  of  the  experiment  (see  Fig.  1).  The  graph  shows  that 
the  temperature  dependence  is  slightly  different  between  RRq  and 
Rg.  The  resistance  of  the  Gerischer  impedance  response  (RG)  was 
found  to  follow  an  apparent  Arrhenius  temperature  dependence 
across  the  entire  T  range  with  an  activation  energy  of  0.97  ±  0.01  eV 
for  non-infiltrated  cells  and  1.12  ±0.04  eV  for  the  infiltrated  cath¬ 
odes.  The  resistance  of  high  frequency  response  (. RRq )  did  not  show 
an  equally  clear  Arrhenius  behavior.  The  activation  energy  in  the 
region  550°C<T<700°C  was  calculated  to  0.85  ±0.06 eV  for  the 
non-infiltrated  and  0.82  ±  0.07  eV  for  the  infiltrated  cathode.  Above 
750  °C,  the  temperature  dependence  of  RRq  appears  to  deviate  from 
a  Arrhenius  dependence  and  is  much  less  temperature  dependent. 
The  activation  energy  of  the  CGO  electrolyte  resistance  (Rs)  was 
found  to  be  0.49  ±  0.06  eV. 

The  fact  that  the  activation  energy  of  both  two  EQC  circuits 
appear  to  be  relatively  unaffected  could  indicate  that  the  reaction 
mechanism  is  not  dramatically  altered  by  the  infiltration  of  LSC 
nano-particles. 

The  capacitance  of  the  high  frequency  ZRq  response  (Qq)  was 
calculated  to  approximately  1  pF  irrespective  of  whether  the  elec¬ 
trode  was  infiltrated  or  not.  The  capacitance  associated  with  the  ZG 
(CG)  response  was  calculated  to  about  30  pF  for  the  non-infiltrated 
cathode  and  about  60  pF  for  the  infiltration  cathode.  Neither  the  CG 
nor  the  CRq  was  found  to  be  dependent  on  temperature. 

The  fact  that  it  is  only  the  ZG  response  that  changes  when  the  sur¬ 
face  is  modified  using  infiltrated  LSC  nano-particles  indicates  that 
this  impedance  is  associated  with  the  surface  exchange  reaction. 
As  discussed  earlier,  the  Gerischer  impedance  arises  in  systems 
where  an  electrochemical  reaction  is  coupled  to  an  oxide  diffu¬ 
sion  process  [31  ].  However  the  diffusion  can  occur  along  different 
pathways,  through  the  bulk,  at  the  surface  or  a  combination  of  the 
two.  In  MIEC  cathodes  such  as  LSC40  it  has  been  argued  that  the 
oxide  ion  diffusion  occurs  primarily  along  the  bulk  path  due  the 
high  oxygen  substoichiometry  [24].  This  gives  rise  to  a  relative  high 
capacitance  ranging  up  to  1  Fcnrr2,  as  a  result  of  stoichiometric 
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Fig.  10.  The  proposed  reaction  mechanism  in  which  the  02  is  reduced  and  trans¬ 
ported  at  the  surface  towards  the  TPB.  The  charge  of  the  surface  oxide  specie  and 
the  diffusion  length  is  unknown. 


changes  in  the  oxygen  sub  lattice  [25,32].  However  the  Gerischer 
capacitance,  CGl  of  the  LCN60-CGO  cathode  is  much  lower  indi¬ 
cating  that  the  LCN60  bulk  is  inactive  to  oxygen  stoichiometric 
changes  and  thus  ionic  conduction.  Mitterdorfer  et  al.  have  found  a 
Gerischer-like  impedance  for  the  LSM-YSZ  electrode  after  “correct¬ 
ing”  it  for  a  double  layer  capacitance  using  the  model  of  Berthier 
[33].  The  capacitance  of  this  Gerischer  response  was  measured  to 
about  100  p,F  which  is  close  to  the  CG  measured  in  this  study  [34]. 
This  points  towards  the  ionic  transport  being  confined  to  the  sur¬ 
face  rather  than  the  bulk. 

For  electrodes  in  which  oxide  ion  diffusion  is  believed  to  be 
confined  to  the  surface  rather  than  through  the  bulk,  transfer  of 
O2-  across  the  electrode/electrolyte  interface  has  been  argued  to 
occur  within  a  narrow  depth  close  to  the  TPB  [35].  This  stand  in 
contrast  to  MIEC  electrode,  in  which  a  much  larger  fraction  of  the 
electrode-electrolyte  interface  is  active  for  O2-  charge  transfer. 
Several  papers  on  the  related  cathode  LSM-YSZ  have  argued  that 
the  ionic  charge  transfer  from  the  electrode  to  the  electrolyte  con¬ 
tributes  to  the  resistance  of  this  cathode  [36].  The  capacitance  of 
such  a  reaction  step  is  similar  to  the  ZRq  of  LCN60-CGO  and  we 
therefore  speculate  that  this  impedance  response  is  related  to  O2- 
transfer  occurring  at  the  electrode/electrolyte  interface  close  to  the 
TPB. 

A  hypothetic  reaction  mechanism  is  thus  proposed  in  Fig.  10 
in  which  full  or  partial  oxygen  reduction  occurs  at  the  LCN60  sur¬ 
face.  This  reaction  is  coupled  to  a  surface  diffusion  that  is  driven 
by  the  depletion  of  oxide  ions  at  the  TPB.  It  should  be  stressed 
that  this  mechanism  holds  for  OCV  conditions  only  and  that  the 
overall  process  might  include  a  substantial  bulk  diffusion  contribu¬ 
tion  when  polarized  as  has  been  argued  for  the  LSM-YSZ  cathode 
[30,32,33,37]. 

Fig.  11  shows  the  Arrhenius  plot  of  RRq  and  RG  of  the  infil¬ 
trated  LCN60-CGO  cathode  from  both  the  incremental  heating  and 
cooling  section  of  the  EIS  experiment  (see  right  graph  of  Fig.  1). 
In  order  to  distinguish  between  these  resistances  we  will  here 
refer  to  them  as  Rcooi  and  Kheat-  Interestingly  it  shows  that  RRq 
decreases  as  a  result  of  the  thermal  cycle  to  850  °C.  When  return- 
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Fig.  11.  Arrhenius  plot  of  RRq  and  RG  of  the  infiltrated  LCN60-CGO  cathodes  from 
both  the  heating  and  the  cooling  ramp  of  the  EIS  measurement  procedure.  Rrq  was 
found  to  decrease  whereas  RG  was  found  to  increase  as  a  result  of  the  thermal  cycles. 
Also  the  apparent  activation  energy  was  found  to  be  higher  after  the  850  °C. 

ing  to  700  °C  the  resistance  is  only  half  of  what  it  was  prior  to  the 
heat  treatment.  Additionally,  the  activation  energy  calculated  from 
the  resistance  measured  during  the  incremental  heating  ramp, 
ftkQ,HEAT>  was  found  to  be  0.62  ±  0.03  eV.  This  is  notably  lower  than 
the  Ea  of  0.82  ±  0.07  eV  calculated  from  ^rc^cool-  This  effect  appears 
to  be  even  more  pronounced  for  the  ZG  response.  EA  of  RG  is  only 
0.47  ±  0.03  eV  when  calculated  to  from  the  Kg.heat  values  which 
is  less  than  half  of  the  EA  of  1.12  ±  0.04  eV  calculated  from  the 
^g.cool  values.  RG  was,  on  the  contrary  to  RRq,  found  to  increase 
as  a  consequence  of  the  in  situ  850  °C  heat  treatment. 

There  are  several  plausible  reasons  to  why  RRq  decreases  as 
a  result  of  the  in  situ  heat  treatment  including  (1)  better  con¬ 
tact  between  the  catalytic  nano-particles  and  the  ionic  conducting 
phase  or  (2)  the  nano-particles  acting  as  sinks  for  impurities  at  the 
TPB  and  thus  cleaning  the  charge  transfer  interface  [38].  However, 
an  important  effect  that  one  needs  to  be  considered  first  is  that 
the  perovskite  phase  does  not  exist  from  the  beginning  but  crystal¬ 
lizes  in  situ  during  heating.  Teraoka  et  al.  [39,40]  have  shown  that 
nano-crystalline  powder  of  (La0.8Sr0.2)o.99Co03  synthesized  using 
a  method  that  is  similar  to  our  infiltration  technique  requires  tem¬ 
peratures  of  above  850  °C  to  form  a  single  phase  perovskite.  This 
indicates  that  the  LSC  nano-particles  are  likely  synthesized  in  situ 
during  heating  and  that  the  degree  to  which  the  perovskite  phase  is 
formed  will  increase  during  the  experiment.  This  will  in  turn  have 
positive  implications  on  the  electrochemical  performance  of  the 
cathode. 

The  increase  in  RG  is  most  likely  due  to  the  growth  of  the  nano¬ 
particles  which  is  known  to  decrease  their  electocatalytic  activity. 
The  reason  for  the  different  apparent  activation  energies  could  be 
related  to  morphological  changes  and  growth  of  the  nano-particles 
which  lowers  both  its  intrinsic  activity  and  the  surface  area  avail¬ 
able  for  the  oxygen  exchange  reaction. 

Fig.  12  plots  the  total  electrode  polarisation  resistance,  RP  of  the 
two  studied  electrodes  as  well  as  a  number  of  other  electrode  types. 
The  comparison  shows  that  RP  of  the  LCN60-CGO  cathode  is  more 
than  1 00  times  lower  than  the  pure  Lao.99Coo.6Nio.4O3  cathode.  Also 
the  activation  energy  of  RP  is  substantially  lower  with  about  1  eV 
for  LCN60-CGO  and  1 .8  eV  for  LCN40.  The  LCN  composition  of  the 
two  electrodes  is  slightly  different  but  the  LCN  powder  synthesis 
and  treatment  has  been  essentially  the  same  [9].  We  find  it  hard  to 
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Fig.  12.  Comparison  of  RP  of  the  two  measured  electrodes  with  a  selected  number 
of  other  electrode  types.  All  cathodes  have  been  manufactured  at  Riso-DTU  [41  ]. 


Fig.  13.  Relative  increase  in  RP  in  air  flow  at  OCV  and  750  °C.  The  infiltrated  and 
non-infiltrated  LCN60-CGO  cathodes  appear  to  be  more  stable  than  both  the  LSC 
and  LSM-YSZ  cathodes. 


believe  that  such  a  small  difference  in  Ni/Co  ratio  will  have  such  a 
pronounced  effect  on  RP.  Instead,  this  supports  the  hypothesis  of  the 
aforementioned  study  that  ionic  transport  restricts  the  overall  reac¬ 
tion  process  of  LaCoi_xNix03  and  that  this  material  benefits  from 
being  used  in  composite  with  an  ionic  conductor  such  as  CGO.  This 
indicates  further  that  the  reaction  is  likely  confined  to  the  vicinity  of 
the  three  phase  boundary  (TPB)  which  makes  the  LCN60-CGO  cath¬ 
ode  mechanistically  related  to  the  conventional  LSM-YSZ  electrode 
(Lao.75  Sro.25  ^ni  .05  O3  -8  YSZ). 

Fig.  12  shows  further  that  the  LCN60-CGO  cathode  has  a 
substantially  lower  RP  than  the  standard  LSM-YSZ  electrode  of 
Riso-DTU  [41  ].  The  difference  is  especially  pronounced  at  low  tem¬ 
peratures  as  RP  of  the  LCN60-CGO  cathode  has  a  lower  activation 
energy  than  the  EA  of  1.2  eV  for  LSM-YSZ.  Fig.  12  plots  also  the  RP 
of  an  average  (La0.6Sr0.4)o.99Co03  (LSC40)  cathode  [30].  This  MIEC 
cathode  has  lower  a  RP  in  the  operating  temperature  range  of  typ¬ 
ical  SOFCs.  Flowever,  the  EA  of  this  LSC40  was  also  found  to  be 
higher  than  LCN60-CGO  (~1.2  eV)  which  causes  a  cross-over  in  RP 
somewhere  at  550-600  °C. 

It  is  well  known  that  the  performance  of  cathodes  is  to  a  large 
extent  dependent  on  microstructural  and  morphological  proper¬ 
ties.  This  is  also  explicit  in  Fig.  12  which  shows  a  single  phase 
LSC40  cathode  with  a  more  optimised  microstructure  that  has  a 
RP  of  approximately  half  that  of  the  average  LSC40  cathode  [30]. 
This  LSC  cathode  has  thus  a  substantially  lower  performance  than 
LCN60-CGO  even  at  low  temperatures.  It  should  be  stressed  in  this 
context,  however,  that  the  manufacturing  of  this  LCN60-CGO  cath¬ 
ode  is  not  yet  optimised  and  that  the  performance  could  possibly 
be  enhanced  further  by  tailoring  its  microstructure. 

Fig.  13  plots  the  relative  increase  in  RP  at  OCV  and  750  °C  under 
flow  of  ambient  air  from  a  compressed  air  source.  It  shows  that  RP  of 
the  infiltrated  LCN60-CGO  cathode  was  measured  to  increase  with 
about  20%  over  the  first  80  h  after  which  it  stabilised.  Fig.  13  shows 
further  that  RP  of  the  non-infiltrated  LCN60-CGO  cathodes  did  not 
exhibit  a  statistically  measureable  increase  within  the  first  90  h. 
These  results  stand  in  contrast  to  the  measured  stability  of  the  both 
the  LSC  and  LSM-YSZ  cathodes  as  both  these  electrodes  showed  a 
continuous  increase  in  RP  over  the  measured  period  with  LSC  doing 
so  dramatically  more  pronounced.  There  are  numerous  potential 
degradation  mechanisms  which  can  be  driven  by  thermodynamic, 
electrostatic  or  mechanical  driving  forces.  Due  to  the  many  differ¬ 


ent  possible  degradation  mechanisms  it  is  therefore  very  difficult 
to  interpret  the  differences  in  degradation  rates  between  these  dif¬ 
ferent  cathodes.  It  is  furthermore  important  to  keep  in  mind  the 
relatively  short  period  for  which  the  stability  of  these  cells  has  been 
tested.  Flowever,  irrespective  of  the  origin  of  the  degradation  this 
cathode  it  is  technologically  interesting  that  the  LCN60-CGO  cath¬ 
ode  does  not  seem  to  undergo  any  a  short  term  thermodynamic 
or  microstructural  changes  that  affect  its  electrochemical  perfor¬ 
mance.  The  initial  degradation  of  the  LSC  infiltrated  LCN60-CGO 
cathode  is  most  likely  related  to  the  nano-particles  themselves. 
Whether  this  is  associated  with  the  microstructural  (e.g.,  particles 
growth),  thermodynamic  (e.g.,  cation  redistribution)  or  morpho¬ 
logical  (e.g.,  crystallisation)  is  more  difficult  to  establish  and  more 
focus  on  this  aspect  is  needed  in  order  to  evaluate  this  new  man¬ 
ufacturing  technique  for  the  next  generation  of  high  performance 
cathodes. 

Fig.  14  plots  the  i-v-  and  power  characteristics  at  750  °C  for  four 
anode  supported  SOFCs.  Two  of  the  cells  had  the  infiltrated  and  non- 
infiltrated  LCN60-CGO  cathodes  and  two  cells  had  the  LSC-CGO 
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Fig.  14.  Shows  four  i-v-  and  power  curves  for  anode  supported  cells  measured  at 
750  °C  and  X £  =  0.21  and  =  0.20. 
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Table  2 

ASP,  RP  and  Rs  values  from  the  tests  shown  in  Fig.  14.  T=  750 °C;  =  0.21  and 

X£2o=0.04. 


Cell 

ASRcorr  [^cm2] 

% ocv  cm2] 

Kp,ocv  cm2] 

LSC-CGO 

0.15 

0.06 

0.30 

LCN60-CGO 

0.18 

0.09 

0.28 

LCN60-CGO  +  LSC  infilt 

0.16 

0.08 

0.26 

LSM-YSZ 

0.33 

0.13 

0.40 

and  LSM-YSZ  cathodes.  All  half  cells  were  manufactured  similarly 
as  described  in  the  experimental  section  with  the  difference  that 
the  LSM-YSZ  cathode  was  screen  printed  directly  onto  the  ScYSZ 
electrolyte  and  did  thus  not  have  a  CGO  barrier.  Fig.  14  shows  that 
the  higher  performance  of  the  LCN60-CGO  cathode  as  compared  to 
the  LSM-YSZ  can  be  seen  also  in  a  full  SOFC  test. 

Table  2  lists  the  area  specific  resistance  calculated  from  i-v 
polarisation  curves,  corrected  for  fuel  utilization  according  to  Ref. 
[14].  It  also  tabulates  the  serial  (Rs)  and  polarisation  (RP)  resis¬ 
tance  extracted  from  EIS  measurements  at  OCV.  Table  shows 
that  Rp  of  the  two  LCN60-CGO  cells  and  the  LSC-CGO  cell  is 
quite  similar.  The  major  difference,  at  least  on  a  relative  scale, 
is  instead  the  Rs  which  is  50%  higher  for  the  LCN60-CGO  cell 
as  compared  to  the  LSC-CGO.  There  seems  to  be  a  rather  strong 
correlation  between  the  Rs  and  ASRC orr  with  a  better  electronic 
conducting  cathode  giving  rise  to  both  a  lower  serial  and  total  cell 
resistance. 

Figs.  1 5  and  1 6  plot  DRT  analysis  of  the  LCN60-CGO  cell  at  differ¬ 
ent  oxygen  and  fuel  partial  pressures  on  the  cathode  and  anode  side 
respectively.  The  figures  show  that  the  major  impedance  response 
of  Rp  at  100-1000  FIz  is  almost  exclusively  associated  with  the 
anode  side  of  the  cell.  It  shows  further  that  the  low  frequency 
response  below  10  FIz  is  also  exclusively  associated  with  the  anode 
and  that  it  is  only  a  small  response  at  20-50  Hz  that  can  partially  be 
ascribed  to  the  cathode.  This  indicates  that  the  cathode  contribu¬ 
tion  to  RP  is  comparatively  small  in  these  cells.  On  the  contrary,  RP 
of  the  LSM-YSZ  cell  is  significantly  higher  indicating  an  additional 
contribution  to  RP.  It  is  also  known  from  earlier  studies  that  the 
LSM-YSZ  cathode  gives  rise  to  substantial  resistance  at  750  °C  in 
ScYSZ  based  ASC  [42]. 


Po2. 


Fig.  16.  DRT  analysis  the  impedance  measured  at  OCV,  650  °C  and  different  anode 
Ph2o  (right). 


4.  Conclusions 

We  have  shown  that  the  perovskite  Lao.99Coo.4Nio.6O3  (LCN60) 
can  be  used  as  a  SOFC  cathode  material  if  mixed  into  a  compos¬ 
ite  with  Ceo.9Gdo.1O1.95  (CGO).  The  performance,  measured  as  RP 
at  OCV  on  symmetrical  cells  is  significantly  better  than  the  con¬ 
ventional  LSM-YSZ,  especially  at  low  T  due  to  its  low  EA  of  roughly 
1  eV.  The  performance  was  improved  further  by  a  single  wet  infil¬ 
tration  of  LSC40  nano-particles  with  RP  of  about  270  m£2  cm2 
and  440  m£2  cm2  at  600  °C  and  OCV  for  the  infiltrated  and  non- 
infiltrated  LCN60-CGO  respectively.  RP  of  the  LCN60-CGO  cathode 
was  also  measured  to  be  remarkably  stable  compared  to  reference 
LSM  and  LSC  based  cathodes.  The  impedance  spectra  were  success¬ 
fully  broken  down  into  an  EQC  model  consisting  of  a  Gerischer 
impedance  (ZG)  and  a  ZR(±  circuit.  The  low  capacitance  at  OCV  of 
both  responses  indicated  that  the  electrode  processes  occur  mainly 
at  the  electrode  surface  near  the  TPB,  i.e.,  bulk  diffusion  of  O2-  is 
not  of  importance. 

The  LCN60-CGO  cathode  was  successfully  integrated  into  an 
anode  supported  cell,  i-v  polarisation  measurements  showed  a  fuel 
utilization  corrected  ASR  of  0.1 6-0.1 8  at  750  °C.  EIS  measurements 
showed  further  that  the  activity  and  transport  processes  of  this 
electrode  are  such  that  its  contribution  to  the  cell  resistance  is 
minor. 
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